Energy-related Clean Development Mechanism (CDM) projects contribute to sustainable development through reducing air pollutants in addition to CO 2 emissions. This paper evaluates the co-benefits of ten coal-fired power generation CDM projects which are currently in registration and validation with a power generation mix linear programming model in India's power sector from 2006 to 2031. Two scenarios are developed to identify impacts of the CDM projects. As a result, the co-benefits are invoked by the CDM projects in India's power sector. CO 2 emissions decrease by 79 Mt CO 2 and SO x and NO x emissions decrease by 0.8 Mt SO x and 0.6 Mt NO x from the baseline in 2031. Including benefits from the reduction of the air pollutants warrants sustainable development benefit and contributes to enhance the generated CER prices. Thus, we argue that addressing co-benefits encourages both host countries and investors to participate CDM projects.
INTRODUCTION
There have been high specific emissions of CO 2 from coal-fired power plants. Coal-fired power generation accounts for 54.1% of total installed capacity as on 31.03.2011 in India [1] . Most coal-fired power plants generate electricity in a lower thermal efficiency than commercialized coal-fired power plants in developed countries. Furthermore, Indian domestic coal tends to have high ash content (30 -50%) and low fuel value (18,840.6 kJ/kg, as against the international average with 25,120.8 kJ/kg) [2] . Electricity demand is projected to increase substantially in response to a large increase in economic, population and electrification ratio [3] . High dependent on coal-fired plants is considered as a threat of climate change. Ghosh (2010) states that moving away from coal till 2030 is not viable cost-effective reduction of GHG emissions in developed countries and sustainable development in developing countries.
According to Marrakesh accords, CDM projects are additional to the baseline and defined as additionality. The baseline indicates GHG emissions without CDM projects and the difference between emissions of the baseline and those of CDM projects is regarded as a credit of emissions reduction. Energy projects generate small amounts of Certified Emissions Reductions (CERs) comparing with other types of projects because CO 2 gas impacts less on global warming potential than the other GHGs while they contribute to sustainable development in developing countries. Investors refrain from entering the offset market due to the poor visibility [16] . Olsen (2007) reviews the research literatures on how the CDM contributes to sustainable development and argues that as sustainable development benefits are not monetized in the carbon market, the CDM does not significantly contribute to sustainable development in developing countries [17] .
To counter the weaknesses mentioned above, we suggest that addressing co-benefits quantitatively leads energy projects more competitiveness and favourable to invest in terms of sustainable development of developing countries, which results in a larger decrease of energy-related CO 2 emissions at a lower CO 2 price. Energy-related CDM projects are associated with a decrease of air pollutants. Human health impacts are the largest benefits from the decrease of the air pollutants. Sutter (2007) introduces the air quality and change of air pollutants emission relative to baseline as sustainable development criteria and respective indicators of environmental development [18] . Olsen and Fenhann (2008) develop a taxonomy to measure sustainable benefits and assess the sustainability of 296 CDM projects and show that energy efficiency projects highly contribute to improved air quality [19] . Alexeew et al. (2010) apply the multi-criteria approach to 40 projects in India and assess the sustainability development benefits [20] . They state the limitation of the study that these analyses collect data from Project Design Document (PDD) and the project's contribution to sustainable development tends to be favourable since the PDDs are designed and written by the project developers themselves. The decrease of the air pollutants from the baseline benefits developing countries and should be included into CDM as effects of co-benefits quantitatively.
The inclusion of the co-benefits into CDM will encourage investors to invest in the energy-related CDM projects. The benefits only considering climate change effects are underestimated under the current CDM regime. Alexeew et al. (2010) propose a CER discounting scheme to solve the dilemma between sustainable development and GHG reductions [20] . This is based on the idea that a net atmospheric benefit should be provided to CER prices. Including the monetary value of the air pollutants to CDM enhances the marginal abatement costs of energy-related CDM projects. This warrants investors to invest at a lower CER price which induces the higher abatement of CO 2 emissions and air pollutants. As a result, the inclusion of the co-benefits contributes to decrease of energy-related CO 2 emissions at a global level and sustainable development at a local level.
POWER GENERATION MIX LINEAR PROGRAMMING MODEL
This paper analyses India's power mix by using an LP model to assess co-benefits from energy-related CDM projects. The model optimizes long terms of a region or a country of electricity structure in multilevel. The power generation system of the base year is given to represent the base year. Efficiencies, costs, availability, capacity factors and constraints of the power generation technology are specified. The reference energy system is the structural backbone of the model. The objective function is to minimize a system cost with satisfying future final power demand given exogenously. The system costs consist of investment costs, 1 Page 329 fixed operation and maintenance (O&M) costs, and variable O&M costs. Moreover, the costs of the primary energy consumption are added for fossil fuel-fired power generation.
The objective function is expressed as an equation (1):
A variety of constraints are supplied to make the solution more realistic. The constraints include resource availability, installed period, and plant life of power generation technologies. Other constraints can be added in accordance with the intention of the study such as an environmental constraint.
The structure of the model is shown in Figure 1 . The model outputs optimized power capacities and generating electricity; technology installation period, and system costs. The model is suitable for a quantitative assessment of energy technology under various scenarios of technological and political assumptions. Scenarios are developed in accordance with the energy and environmental policies and the assumption of the technological innovation. The model is re-examined and the difference of the results among scenarios is regarded as impacts invoked by technological innovation or policy. This enables national and regional policy makers to understand the interplay of the power generation system, the system costs, and the policies by comparing the scenarios. In addition, the model calculates consequent global and local emissions.
DATA AND FUTURE SCENARIOS

Generic details
The base year is 2006 and the terminal year is 2031. These twenty-five years are divided into five periods consisted of five years. The discount rate of 9% is considered referring from [21] . We cover only the centralized power sector due to limited data availability. Current capacity decreases with actual lifetime, and no constraint is set on investment money used to meet increased electricity demand in the future. The commercial and transmission and distribution (T&D) losses have a large impact on electricity generation in India. These amount to 20% for the base year and the progressive decrease is assumed to reflect an improvement of the transmission loss [14] . The commercial and T&D losses reach 14% in 2031.
Specifications of India's power generation technologies
Specifications of power generation technologies have important impacts on power mix in the future. Table 1 shows the specification of power generation technologies determined based on [13, 15, 21] . The efficiencies of the existing plants are calculated from actual data for two grids, integrated Northern, Eastern, Western, and North-Eastern regional grids (NEWNE) and Southern grid. Advanced thermal plants and renewable energy are included as power generation technologies in addition to existing technologies. For coal-fired power generation, existing plants are based on sub-critical steam pressure systems (CSUB) whose thermal efficiency is 30.9% in the NEWNE grid and 34.4% in the Southern grid in 2006. Two types of advanced thermal plants are considered, coal supercritical (CSC) and coal ultra-supercritical (CUSC). CSC and CUSC generate electricity in higher pressure and temperature and can attain 37% and 44% efficiencies respectively. For gas-fired power generation, advanced natural gas combined cycle (ANGCC) is adapted in this analysis. ANGCC introduces a class of turbines that is more advanced than what is used in existing natural gas combined cycle (NGCC). Although IGCC and CCS are advanced thermal power plants, these technologies are not competitive without emission constraints. Thus, they are not taken into account in this study.
In addition, DeSO x and DeNO x technologies equipped to fossil fuel-fired power generation for the purpose of the mitigation of SO x and NO x emissions are specified. Flue gas desulfurization (FGD), low NO x burner (LNB), and selective catalytic reduction (SCR) are taken into account in this study and their specifications are shown in Table 2 . The left side of the removal rate of the LNB and the SCR corresponds to coal-and oil-fired power generations and the right side corresponds to gas-fired power generations. The assumption of the FGD is based on [22, 23] and the assumptions related to the LNB and the SCR are determined through taking the technological level of the FGD into account. These technologies are installed on both the existing plants and the newly installed plants.
Fuel prices
Energy sources of power generations are greatly dependent on fuel prices. The domestic fuel prices in the base year of 2006 are derived from [13] for gas and [24] for coal and lignite. The escalations of the fuel prices are derived from assumptions about the international prices of fossil fuels [25] . The energy prices in the time horizon are shown in Table 3 . Increase rates of fossil fuels are settled between 2011 and 2016 reflecting a large increase through 2009 with the gas prices and the oil prices. The prices rise steadily after 2016 in response to expected higher demand and lower resource availability. Thus, the oil and the gas prices rise relatively larger than the coal prices.
Energy resources
Nuclear power generation and renewable energy play important roles in decreasing CO 2 emissions and air pollutants. However, these technologies have social and resource constraints. Upper bound of the capacity installations are given to reflect the constraints. Table 4 shows the upper bound imposed on the model for nuclear power generation and renewable energy. The upper bound of nuclear power generation is applied based on national electricity plan [21] . The resource constraint of renewable energy corresponds with the technological potential for wind and hydroelectric power. The potential of hydroelectric power and wind power is derived from [26] and [27] respectively.
Electricity demand
Electricity demand is the principal driver of electricity generation and thus CO 2 emissions and air pollutants from the power sector. Electrical demand has been growing in India and is expected to rise significantly in the future. In 1990, the total electricity demand was 212 TWh and had increased to 567 TWh in 2007. The demand growth is a result of strong economic growth and greater accessibility to electricity grids during the period. This increase is expected to persist in medium and long terms. The future electricity demand is determined based on the projection of [3] . The projection is based on an econometric model which considers social and economic changes to examine future Asian energy demand. The model also contains a shift of end-use technologies. The annual electricity growth rates are 5.8% from 2007 to 2020, 5.7% from 2020 to 2030, and 5.5% from 2030 to 2035. The growth rates are assumed to be identical among each grid.
Marginal environmental damage costs of emissions
Local air pollution attributable to SO x and NO x emissions and climate change attributable to CO 2 are considered in this study. Marginal environmental damage costs of the emissions are required to make the emissions comparable.
There are few studies related to marginal environmental damage costs of the emissions in India due to limited available data, while a number of estimations are found in developed countries (for example [28] ). They are set 549 USD per SO x ton and 450 USD per NO x ton derived from [29] which estimates marginal damage costs of Mumbai applying a rapid damage assessment model. The major damage from the air pollutants is human health effects. The monetary value of CO 2 emissions is assumed as 12.7 USD per ton from the actual CER price [16] in correspondence with the objective of this study. It is assumed that the offset market reflects the marginal damage costs of CO 2 emissions.
Scenarios
A scenario analysis enables us to assess impacts under different policies. We develop two scenarios, a BAU scenario and a CDM scenario. The BAU scenario assumes no changes in policies. The scenario is intended as a baseline to assess the additionality of CDM projects. Although energy-related CDM projects intend to reduce CO 2 emissions, some of the projects contribute to decrease air pollutants. The CDM scenario takes into account of the ten CDM projects of the coal-fired plants in India that are under registration and validation. These ten projects are aggregated in this study to examine the difference of CO 2 emissions and air pollutants caused by these. To examine the additionality of the projects, the installed capacity and the power generation of nuclear power generation and renewable energy are fixed from the BAU scenario. The 10 CDM projects are referred from [30] and [31] . The name, the start year of operation, and the installed capacity depicted in PDD are listed in Table 5 .
There are ten PDDs related to coal-fired power generation CDM projects under registration and validation in India's power sector by May 2011. The operation starts after the validation and the start year of the operation ranges from 2011 to 2014. All projects shown in Table 5 cover CSC and there exist no projects of CUSC, IGCC, and CCS in India. The projected CSC plants have higher thermal efficiency than the expected thermal efficiency in India shown in Table 1 . Once higher thermal efficiency of advanced thermal plants is in place, India learns the generation technology and starts to commercialize. Thus, the thermal efficiency level of the plants will disseminate to all plants of India in response to the technology transfer induced by the CDM projects. It is assumed that the thermal efficiency of the CSC increases to 40% after the first introduction of CSC in 2011 in the CDM scenario. In addition, CSC installed through CDM projects must be up to date, which indicates that they equip DeSOx and DeNOx technologies. However, there is no incentive to reduce SOx and NOx emissions from power generation in India currently. Thus, this study assumes that DeSOx and DeNOx technologies do not spill over to other coal-fired power plants. 
RESULTS
The electricity generation of India up to 2031 is estimated by an LP model. Changes in the electricity generations of India's power sector induced by the coal-fired power generation CDM projects which are under registration and validation are identified. The consequent environmental effects of SO x , NO x , and CO 2 emissions are assessed in order to identify the effects of the co-benefits invoked by the CDM projects.
Power generation
Total power generation increases from 663 TWh to 2517 TWh. Coal-fired generation has been dominant through the objective term and accounts for 90% of total power generation after 2011. CSC starts to expand since 2011 as a base load power plant owing to a higher efficiency than CSUB and reaches 41.5% of total power generation in 2031. CSUB steadily increases as a peak load power plant with a low investment cost. CSUB increases substantially to satisfy increased peak load in 2031 and reaches 49.9% of total generation in 2031. CUSC is not installed until 2031 since coal price is relatively cheap in India. Although hydro requires no fuel, the low availability and the high O&M cost prevent hydro to expand and be only used in the base year. Nuclear power and wind power increase electricity generation but reach only 5.5% and 1.9% of total power generation in 2031 respectively. Figure 2 shows power generations for two scenarios. When CSC is introduced through the CDM projects which are currently under registration and validation, the share of the generation type varies from the BAU scenario through the objective years. Since the power generation of nuclear power generation and renewable energy are fixed to examine the additionality of the CDM projects, their share of total generation remains unchanged from the BAU scenario. CSUB falls in substitution for CSC in 2011 and 2016. CSC expands after the CDM with improved thermal efficiency invoked by the CDM projects and substitutes for CSUB after terminating CSC as CDM projects. CSC reaches 49.8% of total power generation while CSUB falls to 41.6%.
CO 2 emissions
CO 2 emissions increase monotonically in the BAU scenario and reach 2,384 Mt CO 2 four times as the base year in 2,031. CO 2 emissions reach 2,305 Mt CO 2 in the CDM scenario and decrease 79 Mt CO 2 as compared to the BAU scenario at the end of the time horizon. CDM contributes to reduce CO 2 emissions in the longer term than in the term when CDM is implemented. CO 2 emissions in the CDM scenario are 36 Mt CO 2 lower than in the BAU scenario in 2016 when most of the CDM projects are implemented due to installation of CSC in substitution of CSUB. Higher reduction can be achieved after the implementation associated with increase of higher thermal efficiency of CSC. CO 2 emissions fall to 1,227 Mt CO 2 through the objective period. Figure 3 shows CO 2 emissions for two scenarios. CO 2 emissions increase monotonically in the BAU scenario and reach 2,384 Mt CO 2 four times as the base year in 2,031. CO 2 emissions reach 2,305 Mt CO 2 in the CDM scenario and decrease 79 Mt CO 2 as compared to the BAU scenario at the end of the time horizon. CDM contributes to reduce CO 2 emissions in the longer term than in the term when CDM is implemented. CO 2 emissions in the CDM scenario are 36 Mt CO 2 lower than in the BAU scenario in 2016 when most of the CDM projects are implemented due to installation of CSC in substitution of CSUB. Higher reduction can be achieved after the implementation associated with increase of higher thermal efficiency of CSC. CO 2 emissions fall to 1,227 Mt CO 2 through the objective period. Figure 4 shows SO x and NO x emissions for two scenarios. SO x and NO x emissions rise during the whole time horizon in both scenarios. The increase of the generation from CSUB and CSC raises SO x and NO x emissions. In the BAU scenario, SO x emissions increase from 2.3 Mt SO x to 10.4 Mt SO x and NO x emissions from 1.8 Mt NO x to 7.8 Mt NO x . In the CDM scenario, the SO x and NO x emissions decline 14.4 Mt SO x and 10.4 Mt NO x from the BAU scenario through the objective period. This indicates that the ten coal-fired generations CDM projects which are currently under registration and validation in India's power sector achieve co-benefits. The SO x and NO x emissions decrease in 2011 with a higher efficiency of installed CSC through the CDM projects. In addition, this decrease is associated with the introduction of CSC from the CDM projects which are assumed to equip DeSO x and DeNO x technologies. If energy-related CDM projects include co-benefits, investors of fossil fuel-fired power generation will increase investment with DeSO x and DeNO x technologies which contribute to sustainable development in host countries. SO x and NO x emissions rise during the whole time horizon in both scenarios. The increase of the generation from CSUB and CSC raises SO x and NO x emissions. In the BAU scenario, SO x emissions increase from 2.3 Mt SO x to 10.4 Mt SO x and NO x emissions from 1.8 Mt NO x to 7.8 Mt NO x . In the CDM scenario, the SO x and NO x emissions decline 14.4 Mt SO x and 10.4 Mt NO x from the BAU scenario through the objective period. This indicates that the ten coal-fired generations CDM projects which are currently under registration and validation in India's power sector achieve co-benefits. The SO x and NO x emissions decrease in 2011 with a higher efficiency of installed CSC through the CDM projects. In addition, this decrease is associated with the introduction of CSC from the CDM projects which are assumed to equip DeSO x and DeNO x technologies. If energy-related CDM projects include co-benefits, investors of fossil fuel-fired power generation will increase investment with DeSO x and DeNO x technologies which contribute to sustainable development in host countries. Table 6 shows emission reduction benefits of the CDM projects in 2031. The benefits are split into each emission to identify the contribution of each emission. The emissions reductions from the BAU scenario are shown as Figure 3 and Figure 4 . The resulting benefits from all the emissions indicate that the CDM projects listed in Table 5 have more beneficial to developing countries than currently considered. The benefits from the reduction of the air pollutants should be addressed in addition to CERs. Thus, the benefit from the aggregated projects should be raised 1.7 times higher than CERs in 2031. The benefits from CO 2 reduction account for 59% of total benefits. If the benefits from reduction of air pollutants are included into CDM, contribution to sustainable development will be visible and investors will increase their investment on energy-related CDM projects at a lower CER price. This benefits developing countries to achieve sustainable development and also investors from developed countries to meet their reduction target cost-effectively.
Air pollutants
Emission reduction benefits
CONCLUSION
It is estimated that CO 2 emissions in India increase with a strong growth of electricity demand in the future. CDM is one of the solutions to decrease CO 2 emissions in developing countries. However, energy-related CDM does not progress recently owing to low CER prices although they have important environmental benefits at both local level and global level. We examined the co-benefits of CDM projects of coal-fired generations which are currently under registration and validation with a power generation mix LP model in India's power sector quantitatively. We found two remarkable results in this study.
First, this is proved by the estimation that co-benefits are invoked by the ten coal-fired generations CDM projects which are currently in registration and validation in India's power sector. In the CDM scenario, SO x and NO x emissions decrease by 0.8 Mt SO x and 0.6 Mt NO x at the end of time horizon from the BAU scenario in addition to CO 2 emissions. Addressing co-benefits invoked by energy-related CDM projects raises motivations of host countries toward the CDM projects. Consequently, large CO 2 emissions decreases will be attained through higher amount of CDM projects.
Second, reduction benefits increase with an inclusion of reduction benefits of the air pollutants invoked by the CDM projects. This warrants 1.7 times higher benefit than CERs which attracts investors to offset markets. While the reduction benefits from the air pollutants accounts for 41% of total reduction benefits in the case of the aggregated CDM projects taken in this study, this is due to the fact that the DeSO x and the DeNO x technologies are not transferred from the CDM. When India considers decreasing SO x and NO x technologies, the CDM projects are considered contributing to higher reduction of the air pollutants since India will learn DeSO x and DeNO x technologies from the CDM projects. Thus, this is identified that taking co-benefits into account benefits both of developed countries and developing countries.
However, environmental damage costs from GHG emissions and air pollutants are estimated with different value method and might affect the findings. CO 2 emission reduction benefits vary widely due to a complexity of climate change impacts. CO 2 price is determined in the emission market and there is a large uncertainty in the future. Marginal damage costs of SO x and NO x emissions are estimated by value of life year lost which basically assigns a willingness-to-pay (WTP) to the risk of reducing life expectancy. Even though they still inherit uncertainty, marginal damage costs are determined and will not change largely in the future. Thus, the weight of reduction benefits of each emission changes accordingly. When CO 2 prices are low, the weight of reduction benefits of marginal damage costs of air pollutants becomes larger. Thus, it is identified that the inclusion of the co-benefits accelerates the utilization of CDM projects by both investors and host countries particularly when CO 2 prices are low.
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NOMENCLATURE
C -the system cost crf t -the capital recovery factor in t per installed capacity f gt -the fuel costs for the technology g in t per power generation g -the technology inv g -the investment cost for the technology g per installed capacity r -the discount rate t -the number of years v g -the variable O&M cost for technology g per power generation. X gt -the newly installed capacity for the technology g in t Y t -the power generation in t for the technology g ε gt -the efficiency for the technology g in t
